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The anoxygenic green sulfur bacteria (GSBs) assimilate CO,
autotrophically through the reductive (reverse) tricarboxylic
acid (RTCA) cycle. Some organic carbon sources, such as acetate
and pyruvate, can be assimilated during the phototrophic
growth of the GSBs, in the presence of CO, or HCOj . It has not
been established why the inorganic carbonis required for incor-
porating organic carbon for growth and how the organic car-
bons are assimilated. In this report, we probed carbon flux
during autotrophic and mixotrophic growth of the GSB Chlo-
robaculum tepidum. Our data indicate the following: () the
RTCA cycle is active during autotrophic and mixotrophic
growth; () the flux from pyruvate to acetyl-CoA is very low and
acetyl-CoA is synthesized through the RTCA cycle and acetate
assimilation; (c) pyruvate is largely assimilated through the
RTCA cycle; and (d) acetate can be assimilated via both of
the RTCA as well as the oxidative (forward) TCA (OTCA) cycle.
The OTCA cycle revealed herein may explain better cell growth
during mixotrophic growth with acetate, as energy is generated
through the OTCA cycle. Furthermore, the genes specific for
the OTCA cycle are either absent or down-regulated during
phototrophic growth, implying that the OTCA cycle is not com-
plete, and CO, is required for the RTCA cycle to produce metab-
olites in the TCA cycle. Moreover, CO, is essential for assimilat-
ing acetate and pyruvate through the CO,-anaplerotic pathway
and pyruvate synthesis from acetyl-CoA.

Chlorobaculum tepidum (formerly Chlorobium tepidum) (1)
is a phototrophic green sulfur bacterium (GSB)? that fixes car-
bon photoautotrophically through the reductive (reverse) tri-
carboxylic acid (RTCA) cycle (see Fig. 14) (2). The RTCA cycle,
first reported in a green sulfur bacterium Chlorobium thiosulfa-
tophilum (3), is essentially the reversal of the oxidative (for-
ward) tricarboxylic acid (OTCA) cycle. Four enzymes have
been recruited for the RTCA cycle to catalyze the reverse reac-
tion of four steps in the OTCA cycle (3); pyruvate:ferredoxin
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(Fd) oxidoreductase (acetyl-CoA + CO, + 2Fd, .4 + 2H" =
pyruvate + CoA + 2Fd_ ), ATP citrate lyase (ACL, acetyl-CoA +
oxaloacetate + ADP + P, = citrate + CoA + ATP), a-keto-
glutarate:ferredoxin oxidoreductase (succinyl-CoA + CO, +
2Fd,.4 + 2H" = a-ketoglutartate + CoA + 2Fd, ) and fuma-
rare reductase (succinate + acceptor = fumarate + reduced
acceptor). Moreover, several GSBs, C. tepidum included, are
potential mixotrophs that use organic carbon sources for pro-
ducing biomass in the presence of CO, or HCO; (2, 4, 5).

Fluoroacetate (FAc) is known to be a metabolic poison that is
highly toxic to mammals. As a structural analog of acetate, the
metabolic pathway of FAc has been suggested to be similar to
that of acetate, and the toxicity of FAc can be reduced by acetate
(6). FAc is known to be an inhibitor for the OTCA cycle (Fig.
1B). Like acetate, FAc is converted into fluoroacetyl-CoA (7),
which condenses with oxaloacetate (OAA) to produce (—)-
erythro-(2R,3R)-2-fluorocitrate (2-FC) catalyzed by citrate syn-
thase (CS) (8). It is generally assumed that as (—)-erythro-2-FC
is a strong inhibitor of aconitase (9, 10), the metabolic flow of
the OTCA cycle is blocked and contributes to the toxicity of
FAc. Sirevidg and Ormerod (11) reported decades ago that CO,
assimilation and carbon flux are affected upon addition of FAc
during phototrophic growth of the GSB Chlorobium limicola.
However, in 2003, Ormerod (12) indicated that it remains to be
understood what step of the RTCA cycle is affected by FAc in
GSB.

In this report, we address two essential questions: why
organic carbon sources, in particular acetate, can enhance the
growth of C. tepidum (and other GSBs) (5) and why CO,, (or
HCOy) is required for growth when pyruvate or acetate is
assimilated. We present studies of the carbon metabolism and
probe the effect of FAc on C. tepidum with multiple lines of
experimental evidence, including mass spectral analysis of pho-
tosynthetic pigments with [**CJacetate or pyruvate, physiolog-
ical studies of FAc, identification of genes for the RTCA cycle,
and activity assays for several key enzymes. Throughout this
report, an autotrophic culture also supplied with acetate or
pyruvate (acetate or pyruvate + HCO;) is defined as a “mixo-
trophic” culture, a classification used in a recent review by Kelly
and Wood (13).

EXPERIMENTAL PROCEDURES

Materials—Chemicals and enzymes were purchased from
Sigma-Aldrich. The "C-labeled acetate and pyruvate were
from Cambridge Isotope Laboratories, Inc. The DNA olig-
omers were from Integrated DNA Technology without further
purification.
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FIGURE 1. Schematic representation of the RTCA cycle (A) and how FAc
inhibition occurs in carbon flow via the OTCA cycle (B).

Growth of Bacterial Strains—All C. tepidum TLS cultures
reported in this work were grown anaerobically at tempera-
tures ranging from 46 —50 °C, and cell growth was estimated
turbidimetrically at A,.. A4,s was chosen for evaluating the
cell growth because absorbance of photosynthetic pigments
is minimal ~625 nm (14). The autotrophic and mixotrophic
cultures were grown in low intensity light (100 = 10 micro-
moles/m?/s), and the list of growth media used in this report
and organic carbon sources included in each medium were
described previously (2). Typically, 1-2% culture (50-100-
fold dilution) in the late exponential growth phase was used
to inoculate fresh media.

Determination of Pyruvate, Acetate, and Lactate Concentra-
tions in Cell Cultures—The amount of pyruvate and lactate was
determined using the methods reported previously (14-16).
The amount of acetate was determined by a coupled acetyl-
CoA synthetase/citrate synthase/malate dehydrogenase assay
following the formation of NADH (17).
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RNA Extraction and Quantitative Real-time PCR (QRT-PCR)—
The methods used to extract RNA and perform QRT-PCR were
described previously (14, 15, 18). QRT-PCR was performed to
profile the gene expression under different growth conditions
of C. tepdium. The primers for QRT-PCR in this report are
listed in supplemental Table S1. Two biological replicates,
with three technical replicates for each biological sample, were
performed for validation, and the mean value was reported. The
amplified DNA fragments were verified by 1% agarose gel elec-
trophoresis, and a single fragment was obtained for all
amplicons.

Mass Spectrometry—Photosynthetic pigments in C. tepidum
cultures were extracted as reported previously (14). The mass
spectra of bacteriochlorophyll ¢ (BChl ¢) were acquired using
MALDI-TOF mass spectrometry. The MALDI-TOF samples
were prepared through mixing a 1:1 volume of sample: matrix
(10 mg/ml a-cyano-4-hydroxycinnamic acid in 50% CH,CN
and 0.1% trifluoroacetic acid). Sample measurements were
described previously (18). The **C-labeled content of BChl ¢
from mixotrophic cultures with '*C-labeled pyruvate or acetate
was calculated using the program IsoPro 3.1.

Activity Assays—Enzymatic assays were performed with cell-
free crude extracts prepared as follows. Cells were harvested by
centrifugation at 5,000 X g for 15 min at 4 °C and washed with
20 mm Tris-HCI buffer at pH 8.0. The cell pellet was resus-
pended in the same buffer containing 1 mm PMSF. Resus-
pended cells were disrupted by sonication, and cell debris was
removed with centrifugation at 20,000 X g for 30 min. Protein
concentration in cell extracts was determined by the Bradford
assay (19) using bovine serum albumin as a standard. The enzy-
matic activities of acetyl-CoA synthetase, acetate kinase, ATP
citrate lyase, citrate synthase, P-enolpyruvate carboxykinase,
and P-enolpyruvate carboxylase in cell-free extracts were
assayed as described previously (20 —24).

RESULTS

Pyruvate and Acetate Enhance Growth of C. tepidum—1It has
been well documented that the RTCA cycle is used for CO,
assimilation when C. tepidum grows photoautotrophically.
Consistent with previous studies, we have found that photosyn-
thetic pigments are '>C-labeled in the autotrophic cultures
grown on H'3*CO; with mass spectrometry (data not shown).
To establish conditions for autotrophic or mixotrophic growth
of C. tepidum, all of the studies for C. tepidum carried out in
this report were performed in the medium containing 0.34%
HCOj; (~40 mm), with or without the inclusion of organic car-
bon sources. It has been reported that C. tepidum photoassimi-
lates acetate or pyruvate (4), and we observed that, compared
with autotrophic growth, mixotrophic growth is enhanced
~20% with pyruvate and up to 50% with acetate (Fig. 24). Addi-
tionally, 2—4-fold higher transcript levels were found for most
of the genes involved in carbon metabolism during mixotrophic
growth compared with autotrophic growth (Table 1). Further-
more, neither acetate nor pyruvate were excreted during
autotrophic growth, and at most, 0.2 mm acetate was excreted
from the mixotrophic culture with 20 mm pyruvate supplied.
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Labeled BChls in the Mixotrophic Cultures with *>C-Labeled
Acetate or Pyruvate—To probe incorporation of acetate and
pyruvate into biomass, we grew cultures of C. tepidum with
unlabeled or '*C-labeled acetate or pyruvate supplied, ex-
tracted BChls derived from a-ketoglutarate (a-KG), and
acetyl-CoA and examined the molecular mass of BChl ¢ (the
major pigment in the chlorosome), with MALDI-TOF. Supple-
mental Fig. S1 shows that peaks corresponding to the demetal-
lization (M-Mg>* + 2H™) of two BChl ¢ isomers, with Am/z =
14 (C12 substituent as a methyl or ethyl group), were detected
and that BChl ¢ was 'C-labeled with [**C]pyruvate or acetate
supplied. Assuming that the carbon number for BChl ¢ in
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FIGURE 2. Effect of FAc on the growth of C. tepidum. 0.34% (40 mm) HCO5 is included in all of the growth
media. The growth curve (A) and image of cell cultures (B) of C. tepidum during autotrophic and mixotrophic
growth (with either 10 mm acetate or pyruvate) conditions with or without 2 mm FAc is shown. The cell growth
(recorded as Aq,5) during growth conditions with various concentration of acetate, pyruvate, and FAcis shown

C. tepidum is 50 or 51 (C;,H N, O,
or Cs;H,N,O, with C17 farnesyl
group and demetallization), the cal-
culated **C-labeled content of BChl
c is reported in Table 2. The **C-la-
beling content was estimated using
the program IsoPro 3.1 with the peak
at m/z 785 and 799 (m/z for BChl ¢
with unlabeled carbon sources). Sup-
plemental Fig. S1 and Table 2 indicate
slightly higher 'C-labeled content
of BChl ¢ with [2-'3Clacetate than
with [1-**CJacetate and more *3C-la-
beled with [2-'3Clacetate than with
[3-"*C]pyruvate.

Physiological Studies Using Fluo-
roacetate—To understand the uni-
dentified role(s) of FAc in the
growth of GSB, we set up a series of
studies to test the growth of C. tepi-
dum with the addition of FAc. Fig.
2A shows that 1 mm FAc s sufficient
to inhibit the autotrophic growth
of C. tepidum. No growth was
detected during 36 h of mixotrophic
growth with 10 mm pyruvate and 2
mM FAc (Fig. 2B). Even with 20 mm
pyruvate and 2 mm FAc, only very
slow cell growth was detected after 2
days (Ag,5 = ~0.1) (Fig. 2C). Alter-
natively, significant cell growth can
be detected with 10 mM acetate and
2 mMm FAc (Fig. 2B) and the tran-
script levels of genes involved in the
RTCA cycle and carbon metabolism
are similar with or without FAc
added in the mixotrophic culture
with acetate (Table 1).

Assimilation of Acetate and FAc—
It is generally accepted that acetate
assimilation is catalyzed by acetyl-
CoA synthetase, for which the activ-
ity can be detected in the cell
extracts of C. tepidum cultures.
Using the purified acetyl-CoA syn-
thetase, our kinetic measurements
indicate that FAc is a competitive inhibitor of acetate for
acetyl-CoA synthetase and that the catalytic efficiency ratio
((kcat/Km)acetate + (kcat/Km)ﬂuoroacetate)/(kcat/1<m)ﬂuoroacetate is
>400 using the colorimetric assay method reported previously
(24). Our results are consistent with the values reported by coupled
enzyme assays (25), suggesting that FAc is an alternative and rela-
tively poor substrate for acetyl-CoA synthetase.

Identification of Genes Responsible for the RTCA and OTCA
Cycles—In addition to the genes required in the RTCA cycle,
gltA (CT1834, encoding citrate synthase (CS)) is required for
production of citrate in the OTCA cycle and has been anno-
tated in the C. tepidum genome (26). Furthermore, two gene
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TABLE 1
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Relative transcript levels AC; for genes involved in carbon metabolism during autotrophic and mixotrophic growth conditions of C. tepidum

AC, = C; (the threshold cycle) of the target gene — C,. of the 16 S rRNA gene.

G Growth condition”

n

ene HCO3 Pyruvate + HCO3 Acetate + HCO; Acetate + FAc + HCO3Z
gltA (CT1834, citrate synthase) 12.8 £ 0.2 11.0 + 0.1 112 £0.1 114 0.1
aclA (CT1088, ACL, a subunit) 94 *0.1 85 %02 80x0.1 83+ 02
aclB (CT1089, ACL, B subunit) 8.6+ 0.1 7.6 *0.1 7.0+ 02 7.8 £0.1
porA (CT1628, pyruvate: ferredoxin oxidoreductase) 12.8 0.1 10.5 = 0.2 11.6 £ 0.2 123+ 0.1
korB (CT0162, KFOR, ® B subunit) 75*0.1 7.2%*0.0 79+ 02 74+ 0.1
korA (CT0163, KFOR, a subunit) 79=*0.1 6.2+ 0.0 72*01 7.0*0.1
acn (CT0543, aconitase) 8.4 + 0.1 6.5+ 0.1 7.3+ 0.1 82+ 0.1
icd (CT0351, isocitrate dehydrogenase) 8.0£0.2 6.7+ 0.1 72%02 7.9 %02
ppd (CT1682, pyruvate phosphate dikinase) 8.8 = 0.0 7.6 = 0.1 7.5 = 0.0 7.9+ 0.1
ppc (CT1640, PEP carboxylase) 6.9+ 0.1 54 *0.1 6.8 0.2 6.6 £ 0.1
pckA (CT2232, PEP carboxykinase) 7.5+ 0.1 59+ 0.0 7.7 0.1 7.1+0.3
acsA (CT1652, acetyl-CoA synthetase) 8.6 £0.0 6.9 0.2 8.0 £0.2 7.8 0.2
ackA (CT1525, acetate kinase) 59+ 0.1 57 *0.1 6.7+ 0.1 5.6 * 0.0
pta (CT1085, phosphotransacetylase) 79 0.0 7.8 = 0.0 8.9+ 0.0 7.7 +0.1

“ Concentrations are as follows: HCO3 (Na™), 0.95 M (8%); and acetate, pyruvate, and FAc, 20 mm each.

? KFOR, a-ketoglutarate:ferredoxin oxidoreductase; PEP, P-enolpyruvate.

TABLE 2
m/z of BChl c with unlabeled or *C-labeled pyruvate or acetate
No. of **C-labeled '*C-Labeled

m/z m/z a a
carbons percentage
Unlabeled pyruvate 785.6° 799.7° 0 0
or acetate
[1-3C]Acetate 790.7 8057 7-8 14-15
[2-3C]Acetate 792.8  806.8 8 16
[1-'*C]Pyruvate 786.7  800.7 2 4
[3-**C]Pyruvate 788.6  802.6 5 10

“ The '3C-labeled percentage on BChl ¢ was estimated using the program IsoPro 3.1
with molecular masses 785.6 and 799.7 for BChl c.

> The molecular masses 785.6 and 799.7 correspond to the chemical formulas
CsoHgsN40, and Cs;Hg,N,O,, with the C17° farnesyl group and demetallization
on BChl c.

clusters encoding succinate dehydrogenase (SDH)/fumarate
reductase (putative sdhABC, CT2040-2042 and CT2266—
2268) have also been annotated in the C. tepidum genome (26).
NADH-dependent fumarate reductase catalyzes the reduction
of fumarate to succinate in the RTCA cycle, and SDH catalyzes
the oxidation of succinate to fumarate in the OTCA cycle. It is
difficult, however, to predict the function of two putative
sdhABC gene clusters in C. tepidium solely from sequence anal-
ysis. Additionally, the role of CS in carbon flow of C. tepidum
has not been understood. To probe the contribution of CS
during phototrophic growth of C. tepidum, and the func-
tions of two sdh gene clusters in C. tepidum, we examined
the expression level of gltA versus aclAB (CT1088-1089,
encoding both subunits of ATP citrate lyase (ACL; EC
2.3.3.8)) and two sets of the sdhAB genes during autotrophic
and mixotrophic growth.

Fig. 3A shows the transcriptomic levels of two gene clusters
encoding SDH/fumarate reductase after 36 h of autotrophic
growth. For two sdhA-like genes, the transcript level of CT2042
is ~10-fold higher than that of CT2267, and for two sdhB-like
genes, CT2041 is ~7-fold higher than CT2266. Because the
carbon flux during autotrophic growth is through the RTCA
cycle, the sdhAB-like genes up-regulated during autotrophic
growth most likely encode the fumarate reductase protein.
Thus, our data suggest that the CT2040-2242 (or CT2266—
2268) during autotrophic growth encode fumarate reductase
(or SDH). Similar results were also obtained from mixotrophic
growth with pyruvate or acetate (data not shown). Moreover,
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SDH/fumarate reductase-like proteins encoded by CT2040—
2042, not CT2266-2268, were also reported by recent pro-
teomic studies (27).

Fig. 3A also indicates that the transcript level of acIAB is
~6-10-fold higher than gltA. The CS protein has been previ-
ously reported by the proteomic analysis of C. tepidum (27, 28),
and the studies by Hosoya-Matsuda et al. (28) suggested that CS
is inactivated under conditions when ACL is activated. Consis-
tent with their working hypothesis, the enzymatic activity
of ACL, not that of CS, can be detected in cell extracts of
autotrophic and mixotrophic growth cultures (Fig. 3B and sup-
plemental Fig. S3). Furthermore, we probed the gene expres-
sion level of gltA during different stages of the mixotrophic
growth with acetate. Fig. 3C shows the gene expression level of
gltA versus some essential genes for the RTCA cycle. ac/AB
versus gltA, aclA (encoding the large subunit of ACL) versus acn
(encoding aconitase), and aclA versus korA (encoding the
a-subunit of a-keto-glutarate:ferredoxin oxidoreductase). The
relative expression level of aclA/gltA and aclB/gltA is lower
during the lag phase and early log phase of the growth and is
higher during the late log phase and stationary phase of the
growth. In comparison, the relative expression level of aclA
versus acn and aclA versus korA is similar during the growth
period.

Taken together, the transcriptomic analysis and activity
assays described above indicate that the major carbon flux
during both autotrophic and mixotrophic growth of C. tepidum
is through the RTCA cycle. Additionally, the partial OTCA
cycle may also contribute to the carbon flux of C. tepidum dur-
ing mixotrophic growth with acetate, as considered under
“Discussion.”

DISCUSSION

Carbon Flow during Mixotrophic Growth of C. tepidum—Al-
though it has been well established that the RTCA cycle is
employed during autotrophic growth of GSBs, the carbon flow
during mixotrophic growth has not been understood. To
address this unresolved and essential issue, we analyze the mul-
tiple lines of evidence listed below for the mixotrophic growth
of C. tepidum with acetate or pyruvate.
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FIGURE 3. Shown are gene expression profiles for ACL (subunits A and B
are encoded by ac/A and aclB, respectively), CS (encoded by gltA), and
putative succinate dehydrogenase/fumarate reductase subunit A (sdhA)
and subunit B (sdhB) of C. tepidum, and activity assays for ACL and CS.
Relative gene expression profiles of aclA/gltA, aclB/gltA, CT2042/CT2267
(putative sdhA), and CT2042/CT2266 (putative sdhB) after 36 h of autotro-
phic growth (A), the enzymatic activity of ACL and CS in autotrophic and
mixotrophic cultures (B), and relative gene expression levels of aclA/gltA,
aclB/gltA, aclA/acn (acn encoding aconitase) and aclA/korA (korA encod-
ing a-keto-glutarate:ferredoxin oxidoreductase, o subunit) during various
growth stages of mixotrophic cultures with 10 mm acetate are shown (C).
The data in this figure were acquired from experiments performed two
times in triplicate, and the error bar is the standard deviation of the mean
value.
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Labeled BChls with **C-Labeled Acetate or Pyruvate—Bio-
synthesis of (B)Chls requires eight glutamate molecules for
forming the Mg> " -chelating tetrapyrrole ring and several mol-
ecules of acetyl-CoA for synthesizing the hydrophobic tail.

If pyruvate is assimilated mainly through the OTCA cycle,
acetyl-CoA, a-KG, and BChls will not be labeled using
[1-'3C]pyruvate. Alternatively, acetyl-CoA (from cleavage of
citrate), «-KG, and BChls are expected to be labeled with
[1-'3C]pyruvate through the RTCA cycle (supplemental
Fig. S34). Our studies show that two to three carbons were
13C-labeled with [1-'>C]pyruvate (Table 2 and supplemental
Fig. S1D). Less '>C-enriched BChl ¢ can be attributed to
fast exchange between pyruvate and acetyl-CoA catalyzed by
pyruvate:ferredoxin oxidoreductase and/or '>C-labeled
scrambled in succinate.

Moreover, Table 2 and supplemental Fig. S1 indicate more
13C-labeled content of BChl ¢ with [2-'3C]acetate (16%) than
with [3-'*C]pyruvate (10%). Both «-KG and acetyl-CoA con-
tribute to '*C-labeled BChl ¢, and acetyl-CoA is labeled through
the RTCA cycle with [2-'?Clacetate or [3-'*C]pyruvate (sup-
plemental Fig. S3B). Thus, if acetate and pyruvate are photoas-
similated exclusively via the RTCA cycle, similar **C-labeled
content of BChl ¢ is expected with [2-'*Clacetate versus
[3-13C]pyruvate. We propose that higher *C-labeled content
of BChl ¢ with [2-'3C]acetate is acquired because acetate is
assimilated through both RTCA and OTCA cycles, and more
13C-labeled a-KG is obtained through the OTCA cycle (supple-
mental Fig. S3B). This hypothesis is supported by our FAc stud-
ies, as discussed next.

The Studies of FAc—Fig. 2 shows significant inhibition by 2
mM FAc during the mixotrophic growth of C. tepidum with 20
mM pyruvate and less inhibition by FAc during mixotrophic
growth with acetate. These results imply that during mixotro-
phic growth with pyruvate, the metabolic flux favors the forma-
tion of P-enolpyruvate (Fig. 44). With less acetyl-CoA gener-
ated from pyruvate to compete with fluoroacetyl-CoA from
FAc, the mixotrophic growth with pyruvate is expected to be
repressed (Fig. 4C). Alternatively, our studies show that acetate
is a much better substrate than FAc for acetyl-CoA synthetase
(see “Results”), consistent with less FAc inhibition during
mixotrophic growth with acetate (Fig. 2).

From the mechanism of action of FAc reported in other
organisms, we propose that the inhibition by FAc for the
growth of C. limicola and C. tepidum arises from the formation
of (—)-erythro-2-FC that blocks the carbon flux of the RTCA
cycle. It has not been reported whether (—)-erythro-2-FC can
be generated from FAc through the RTCA cycle. Alternatively,
(—)-erythro-2-FC may be catalyzed by ACL or/and CS (as dis-
cussed below). In contrast, we cannot detect FAc-inhibition in
the pyruvate- or acetate-grown photoheterotrophic bacterium
Heliobacterium modesticaldum, in which no genes encoding
ACL or CS have been annotated (29), and no activity of ACL or
CS has been detected (14). Together, two conclusions can be
reached with the physiological studies of FAc for C. tepidum.
One is that low flux from pyruvate to acetyl-CoA and acetyl-
CoA is mainly generated in C. tepidum through acetate uptake
and the RTCA cycle. Thus, acetyl-CoA production is prohib-
ited through the RTCA cycle when aconitase is inhibited
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FIGURE 4. The proposed carbon flux in C. tepidum. The proposed carbon
flux during mixotrophic growth with pyruvate (A) and acetate (B) and the
proposed FAc effect for the carbon flux (C). F, fluoro.

upon addition of FAc. The other conclusion is some of the
carbon fluxes through the OTCA cycle during the mixotro-
phic growth with acetate, consistent with mass spectral evi-
dence presented in this report.
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Possible Roles of ACL and CS—As annotated in the C. tepi-
dum genome, genes encoding CS (Clim_2042) and both sub-
units of ACL (Clim_ 1231 and Clim_1232) have also been anno-
tated in the C. limicola genome. The roles of ACL and CS in
GSBs are discussed as follows.

The enzymatic activity of ACL can be detected in the cell
extracts of C. tepidum (Fig. 3B and supplemental Fig. S3). The
reaction catalyzed by ACL is shown below.

Citrate + MgATP + CoA OAA + acetyl-CoA + MgADP + P;

REACTION 1

Note that ACL cleaves the acetyl-moiety in the “pro-S arm”
of citrate to produce acetyl-CoA, which is the reverse reaction
catalyzed by the common CS (or (Si)-CS). Thus, if the reaction
catalyzed by ACL is reversible, ACL may catalyze the formation
of (—)-erythro-2-FC from condensation of fluoroacetyl-CoA
and OAA during the phototrophic growth of C. tepidum.
Although the recombinant ACL from C. limicola was reported
to catalyze only the cleavage of citrate (30), ACL isolated from
ratliver (31) and several prokaryotic ACL enzymes can catalyze
both citrate cleavage and citrate formation through condensa-
tion of OAA and acetyl-CoA (32, 33). Moreover, many enzyme-
catalyzed aldol/retro-aldol reactions, such as fructose 1,6-
bisphosphate aldolase and transketolases, are reversible both in
vivo and in vitro. The recombinant ACL from C. tepidum has
been characterized biochemically (20). If the reaction catalyzed
by C. tepidum ACL is reversible, citrate can be generated along
with ATP through substrate-level phosphorylation, which may
provide one of the rationales for better mixotrophic growth
with acetate than with pyruvate.

CS has been recognized for catalyzing the formation of (—)-
erythro-2-FC from OAA and fluoroacetyl-CoA for the inhibi-
tion of aconitase (10), and fluoroacetyl-CoA and acetyl-CoA
have been shown to have similar reactivity with CS (7). Previous
studies in C. tepidum indicated that CS is inactivated under
conditions in which ACL is activated and vice versa (28). Con-
sistent with this hypothesis, our studies show that the relative
gene expression level of gltA/aclA is higher in the earlier stage
than in the late stage of the growth and that the transcript level
of gltA is higher during acetate uptake and is lower when
acetate is assimilated (Fig. 3C). Thus, although the activity of
CS has neither been detected previously (28) nor in our
hands (supplemental Fig. S2), one cannot rule out the con-
tribution of CS during phototrophic growth of C. tepidum.
The role of CS is currently being investigated with the AgltA
mutant of C. tepidum.

Requirement of CO, for Growth of C. tepidum with Organic
Carbon—In contrast to heterotrophs, acetate or pyruvate can
enhance but cannot be used as a sole carbon source without
including CO, or HCO; during the growth of GSBs (2, 5). The
enzymatic activities of four enzymes responsible for CO,
assimilation in the RTCA cycle were reported in the GSB
C. thiosulfatophilum (3, 34) (now Chlorobaculum thiosul-
fatiphilum) (1), and we also detected the enzymatic activities of
P-enolpyruvate carboxylase and P-enolpyruvate carboxykinase
(25— 40 nmol/min'mg protein) in cell extracts of the autotro-
phic and mixotrophic cultures of C. tepidum. Together, previ-
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ous and our studies suggest that the CO,-anaplerotic pathway
is active during phototrophic growth of GSBs. The contribution
of the CO,-anaplerotic pathway to the carbon metabolism of
photoheterotrophic bacteria has also been identified experi-
mentally (14, 15). Thus, in addition to being required for the
RTCA cycle, CO, is essential for assimilating pyruvate and
acetate through the CO,-anaplerotic pathway and incorporat-
ing acetate through the catalysis of pyruvate:ferredoxin oxi-
doreductase (acetyl-CoA + CO, + 2Fd, ., + 2H" — pyruvate +
CoA + 2Fd,,,) (Fig. 4).

Although the activities for all of the enzymes in the RTCA
cycle have been identified (3), the genes specific for the OTCA
cycle are either absent (pdhAB for pyruvate dehydrogenase and
sucAB for a-ketoglutarate dehydrogenase) in the C. tepidum
genome or down-regulated (g/tA for CS and CT2266 —2268 for
SDH) during phototrophic growth (Fig. 3A4). Thus, only a par-
tial OTCA cycle is expected to be employed by C. tepidum
growing phototrophically. The proposed partial OTCA cycle is
likely to go through citrate to a-KG because the reactions cat-
alyzed by aconitase and isocitrate dehydrogenase are reversible
(35, 36), and a-keto-glutarate:ferredoxin oxidoreductase is
more favorable for catalyzing reductive carboxylation of a-KG.
Thus, CO, is required for the RTCA cycle to produce interme-
diates in the TCA cycle for biosynthetic pathways (Fig. 4).

CONCLUSIONS

Although GSBs are known to produce biomass through
assimilating CO,, via the RTCA cycle, the carbon flow during
autotrophic and mixotrophic growth has not been fully under-
stood. Here, we report studies of carbon flow of C. tepidum
with multiple lines of experimental evidence, including mass
spectral analysis of BChl ¢ with ['*CJacetate or pyruvate, phys-
iological studies of FAc, identification of genes for the RTCA
cycle, and activity assays for several key enzymes. Our studies
demonstrate that C. tepidum utilizes not only the RTCA cycle
but also the OTCA cycle that has not been revealed previously,
consistent with the metabolic flux analysis of C. tepidum.?
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